Pig edema disease is a bacterial disease caused by Shiga toxin 2e-producing Escherichia coli belonging mainly to serotypes O138, O139, and O141. The B subunit of Shiga toxin 2e (Stx2eB) is a candidate protein for use in a vaccine against edema disease. We produced this protein in transgenic lettuce (Lactuca sativa), an edible plant that can be cultivated in a factory setting. In a transient expression system, we found that NtADH 5 0 -untranslated region (5 0 -UTR) functions as a translational enhancer in lettuce cells, and that Stx2eB accumulates most efficiently in the endoplasmic reticulum (ER) of lettuce cells. Stx2eB was produced in stable transgenic lettuce plants expressing a modified Stx2eB gene fused with the NtADH 5 0 -UTR and sequence encoding ER localization signals.
Key words: pig edema disease; edible vaccine; shiga toxin 2eB; transgenic lettuce Pig edema disease (ED) is a bacterial disease caused by Shiga toxin 2e (Stx2e)-producing Escherichia coli belonging mainly to serotypes O138, O139, and O141. 1) Infection is associated with edema formation, diarrhea, hemorrhagic colitis, and neurological symptoms. ED occurs mainly in baby pigs 1-2 weeks after weaning. The incidence is about 1%, but lethality is very high (50-90%). Stx2e is composed of one A subunit, encoded by stx2eA, which has N-glycosidase activity, and five B subunits, encoded by stx2eB, which play an important role in toxin internalization into gut cells.
2) Stx2e binds to glycosphingolipid Gb3 on gut cells via Stx2eB, and is then endocytosed and transported in a retrograde manner to the Golgi apparatus and the ER. From there, the enzymatically active A1 fragment, part of the A subunit, is translocated to the cytosol. 3) Currently, the main method of control of ED is the administration of antibiotics such as ampicillin. Because antibiotic administration runs the risk of causing the emergence of drug-resistant E. coli strains, it is important to develop alternative methods, including administration of a vaccine against ED. Detoxified Stx2e protein is one candidate for use in such vaccines.
Vaccination of purified mutant Stx2e complex, which has a Glu167Gln mutation in Stx2eA that inactivates the N-glycosidase activity, prevents ED in pigs. 4) Makino et al. reported that genetically modified E. coli derived from the virulent strain are as effective as live vaccine; 1) these bacteria bear Glu167Gln and Arg170Leu mutations in the stx2eA gene, and produce Stx2e that retains immunogenicity but not Vero cell cytotoxicity. The use of non-toxic B subunit alone is another possibility. B subunits of cholera toxin (CT) and heat-labile toxin (LT), which belong to the AB5 toxin family along with Stx2e, are highly immunogenic and are effective as vaccine proteins. 5, 6) Mice nasally vaccinated with Stx2B, which is closely similar to Stx2eB, in combination with an appropriate adjuvant (a mutant heat-labile enterotoxin) produce antibodies reacting with Stx2B, and become resistant to toxemia. 7) Currently, rapid progress is being made in the production of useful recombinant proteins, including pharmaceuticals, in plants. The advantages of using plants in this technology include lower production costs as compared with microorganisms or animals. 8, 9) For plants, solar energy, CO 2 , and inorganic chemicals are the only materials needed for growth. Plants are usually free of contamination by animal viruses, and are also suitable as hosts for the production of edible vaccines. If dietary plants are used to produce recombinant proteins, vaccine-producing plants can be used directly, without cumbersome and expensive purification steps. However, for transgenic plant-based edible vaccines to be practical, one problem that must be solved is the low level of accumulation of target proteins.
To raise the levels of a target protein, it is important to regulate gene expression at the post-transcriptional level as well as the transcriptional level. The 5 0 -UTR of an alcohol dehydrogenase gene derived from Nicotiana tabacum (NtADH 5 0 -UTR) functions as a translational enhancer in cells of tobacco and Arabidopsis thaliana. [10] [11] [12] Translation efficiency was improved by the use of NtADH 5 0 -UTR in the ornamental plants chrysanthemum and torenia as well. 13) In addition to regulation at the translational level, it is important to * These authors contributed equally to this work.
y To whom correspondence should be addressed. Fax: +81-743-72-5469; E-mail: kou@bs.naist.jp Abbreviations: ED, edema disease; ER, endoplasmic reticulum; GFP, green fluorescent protein; PF, plant factory; SDS-PAGE, sodim dodecylsulfate polyacrylamide gel electrophoresis; Stx2eB, the B subunit of Shiga toxin 2e; 5 0 -UTR, 5 0 -untranslated region regulate the subcellular localization of recombinant proteins. For example, the endoplasmic reticulum (ER) is a suitable compartment in which to attain high levels of accumulation of antibodies in plant cells. 14, 15) HIV-1 vaccine candidate Gag proteins targeted to chloroplasts by the use of transit peptide accumulate to higher levels than those targeted to ER. 16) The plant factory (PF) is currently being adopted as a production system for edible vegetables such as tomato and lettuce. The use of PF has three main benefits: (i) It is possible to produce highly safe vegetables that are free from bacteria and insecticides harmful to animals, because incursions of bacteria and insects are easily prevented if PF is protected by equipment such as air curtains. (ii) It is possible to supply agricultural products stably throughout the year, because the production system in PF is not susceptible to the exterior environment. (iii) In general, foods produced in PF are homogeneous, because nutrients can be delivered evenly to each plant via a hydroponic culture medium, and other environmental variables (including light, temperature, humidity, and CO 2 concentration) can automatically be regulated to maintain optimal levels. These benefits also apply to the production of bio-pharmaceuticals in PF. In addition to controlling product quality, PF is suitable as a biological containment system for GM plants.
In this study, we produced a candidate protein for use in a vaccine against an edema disease, Stx2eB, in transgenic lettuce plant (Lactuca sativa), which can be cultivated in PF. First, we evaluated translational enhancers and localization signals in the production of Stx2eB in lettuce plant. In a transient expression system, we found that NtADH 5 0 -UTR functioned as translational enhancer in lettuce cells. We also screened compartments to find the best organelle for the accumulation of Stx2eB protein. ER proved to be the best. Accumulation of Stx2eB protein was confirmed in stable transgenic lettuce expressing a modified Stx2eB gene fused with NtADH 5 0 -UTR and sequences encoding ER localization signals.
Materials and Methods
Construction of green fluorescent protein (GFP) expression vectors. Modified GFP constructs fused to the various signal peptides were prepared as follows: The 5 0 -untranslated region of the Nicotiana tabacum alcohol dehydrogenase gene was amplified by PCR using ADH-221 10) as template and primers ADH XbaI-F (5 0 -aatctagagtctatttaactcagtattcagaaacaacaaaa-3 0 , XbaI site underlined) and ADH NsiI-R (5 0 -aaatgcattatttttcttgatttccttcac-3 0 , NsiI site underlined). The DNA region encoding a signal peptide of -D glucan exohydrolase (GenBank accession no. AB017502) (MGRMSIPMMGFVVLCLW-AVVAE) was amplified using the genomic DNA of Nicotiana tabacum as template and primers -D NsiI-F (5 0 -aaatgcatggggagaatgtcaatacccatg-3 0 , NsiI site underlined) and -D EcoRI-R (5 0 -ttgaattctccttctgctaccactgccca-3 0 , EcoRI site underlined). The resulting DNA fragments of the NtADH 5 0 -UTR and signal peptide were treated with NsiI and ligated. The ligated NtADH 5 0 -UTR-S.P. fragment was inserted into the EcoRV gap of pBluescript II SK (plasmid 1). Plasmid 1 was treated with NsiI and the termini were blunted with T4 DNA polymerase, followed by self-ligation so that the initiation codon of NtADH (atg) corresponded to the initiation codon of -D-glucan exohydrolase (plasmid 2). A DNA encoding GFP with a vacuolar transport signal peptide (DLLVDTM) at the C-terminus (pSGFP5T) 17) was inserted into plasmid 2 via the EcoRI site (Vac-GFP). PCR was performed using pSGFP5T as template and primers GFP-F (5 0 -gatgcatgaattcagtaaaggagaagaact-3 0 , NsiI site under lined and EcoRI site double underlined) and GFP-R (5 0 -gttatttgtatagttcatccatgccatgtg-3 0 ). The termini of the resulting DNA fragments were blunted and cloned into the EcoRV gap of pBluescript II SK (plasmid 3). GFP fragments were digested from plasmid 3 with EcoRI and XhoI and inserted into the EcoRI-XhoI gap of plasmid 2 (Apo-GFP). GFP fragments were digested from plasmid 3 with NsiI and XhoI and inserted into the NsiI-EcoRI gap of plasmid 1 (Cyt-GFP). PCR was performed using pSGFP5 as template and primers GFP-F and GFP HDEL-R (5 0 -gttaaagctcatcatgctctttgtatagtt-3 0 ). The termini of the resulting DNA fragments were blunted and cloned into the EcoRV gap of pBluescript II SK (plasmid 4). GFP fragments were digested from plasmid 4 with EcoRI and XhoI and inserted into the EcoRI-XhoI gap of plasmid 2 (ER-GFP). A DNA fragment derived from L. sativa Rbcs (Rubisco small subunit) (GenBank accession no. D14001), encoding the putative chloroplast transport signal peptide plus the N-terminal region of the mature protein, was amplified by PCR using cDNA of a lettuce leaf as template and primers TP NsiI-F (5 0 -aaatgcatggcctccatctcctcctcagcc-3 0 , NsiI site underlined) and TP EcoRI-R (5 0 -ttgaattctaggtatgaaagagtctcgta-3 0 , EcoRI site underlined). The resulting fragments were treated with NsiI and EcoRI and ligated to the NsiI-EcoRI gap of plasmid 1 (plasmid 5). Plasmid 5 was treated with NsiI, and the termini were blunted with T4 DNA polymerase, followed by self-ligation so that the initiation codon of NtADH corresponded to the initiation codon of Rbcs (plasmid 6). GFP fragments were digested from plasmid 3 with EcoRI and XhoI and inserted into the EcoRI-XhoI gap of plasmid 6 (Chl-GFP).
The above-mentioned organelle-targeted GFPs were inserted into the multicloning site (MCS) of a transient expression vector in plant cells, pBI221 (Clontech, Palo Alto, CA, USA), as follows: In order to introduce SalI, KpnI, and SmaI sites into the MCS, oligonucleotides SalKpnSma-F (5 0 -gtcgacggtacccccggggagct-3 0 ) and SalKpnSma-R (5 0 -ccccgggggtaccgtcgacagct-3 0 ) were annealed and phosphorylated with T4 polunucleotide kinase (PNK) and inserted into the SacI gap of pBI221 (plasmid 7). The organelle-targeted GFPs were inserted into plasmid 7 using XbaI and KpnI, and the resulting product was inserted between a cauliflower mosaic virus 35S RNA promoter (35S pro.) and a nopaline synthase gene transcription terminator (NOS-T) to generate a GFP expression vector.
Construction of Stx2eB expression vectors. Vectors for modified
Stx2eB fused with various signal peptides were prepared as follows: PCR was performed using primers Kozak-Stx2eB-F (5 0 -tatctagagccaccatgggatccgcggcggattgtgct-3 0 , XbaI site underlined and BamHI site double underlined) and Stx2eB-R (5 0 -ttcaagatctgttaaacttcacctgggcaa-3 0 , BglII site underlined) to amplify a DNA fragment encoding the mature region of Stx2eB (excluding secretory signal peptides to periplasm, Ala19 to Asn87). The resulting DNA fragment was cloned into the EcoRV gap of pBluescript II SK. The resulting plasmid was digested with HindIII and treated with T4 DNA polymerase, and selfligation was performed to convert the HindIII site into the NheI site (plasmid 8). The Kozak-Stx2eB fragment was digested from plasmid 8 with XbaI and KpnI and inserted into the XbaI-KpnI gap of plasmid 7 to generate a Kozak-ligated cytosol-targeted Stx2eB expression vector (plasmid 9). The NtADH 5 0 UTR fragment was amplified using primers ADH XbaI-F and ADH BamHI-R (5 0 -tataggatcccattatttttcttgatttcc-3 0 , BamHI site underlined). The resulting DNA fragment was treated with XbaI and BamHI inserted into the XbaI-BamHI gap of plasmid 9 to generate an NtADH 5 0 -UTR-ligated cytosol-type Stx2eB expression vector (plasmid 10). PCR was performed using plasmid 2 as template and primers -D-Kozak-F (5 0 -tatatctagagccaccatggggagaatgtc-3 0 , XbaI site underlined) and -D BamHI-R (5 0 -tataggatcccattatttttcttgatttcc-3 0 , BamHI site underlined) to amplify DNA encoding a secretory signal peptide. The resulting DNA fragment was treated with XbaI and BamHI and inserted into the XbaI-BamHI gap of plasmid 9 (plasmid 11). In order to add an endoplasmic reticulum retention signal, primers HDEL-F (5 0 -gatctgaacatgatgaattgt-3 0 ) and HDEL-R (5 0 -gatcacaattcatcatgttca-3 0 ) were annealed and phosphorylated with T4 PNK, and the resulting product was inserted into the BglII gap of plasmid 11, which had been dephosphorylated with alkaline phosphatase (AP), to generate a Kozak-ligated ER-type Stx2eB expression vector (plasmid 12). In order to produce a DNA fragment containing NtADH 5 0 -UTR fused to DNA encoding a secretory signal peptide, PCR was performed using plasmid 2 as template and primers ADH XbaI-F and -D BamHI-R. The resulting DNA fragment was treated with XbaI and BamHI and inserted into the XbaI-BamHI gap of plasmid 9 to generate an NtADH 5 0 -UTR-ligated apoplast-type Stx2eB expression vector (plasmid 13). In order to add an endoplasmic reticulum retention signal, primers HDEL-F and HDEL-R were annealed and phosphorylated with T4 PNK, and the resulting product was inserted into the BglII gap of plasmid 13, which had been dephosphorylated with AP, to generate a NtADH 5 0 -UTR-ligated ER-type Stx2eB expression vector (plasmid 14). In order to add a vacuolar transport signal, primers VSD-F (5 0 -gatctgatttgttggttgatactatgt-3 0 ) and VSD-R (5 0 -gatcacatagtatcaaccaacaaatca-3 0 ) were annealed and phosphorylated with T4 PNK, and the resulting product was inserted into the BglII gap of plasmid 13, which had been dephosphorylated with AP, to generate a NtADH 5 0 -UTRligated vacuole-type Stx2eB expression vector (plasmid 15). In order to add a chloroplast transport signal peptide, PCR was performed using plasmid 6 as template and primers ADH XbaI-F and TP BamHI-R
Hemagglutinin (HA) tag (YPYDYPDYA) was fused as a peptide tag to detect an Stx2eB. In order to add the HA tag, primers HA-F (5 0 -gatcttatccttatgattatcctgattatgctg-3 0 ) and HA-R (5 0 -gatccagcataatcaggataatcataaggataa-3 0 ) were annealed and phosphorylated with T4 PNK. The resulting phosphorylated HA fragment was inserted into the BamHI gaps of plasmids 9, 10, 12, 13, 14, 15, and 16 to generate Stx2eB expression vectors (Koz-Cyt-Stx2eB, ADH-Cyt-Stx2eB, Koz-ER-Stx2eB, ADH-Apo-Stx2eB, ADH-ER-Stx2eB, ADH-Vac-Stx2eB, and ADH-Chl-Stx2eB), which were used in subsequent expression tests.
In order to express Stx2eB stably in a transformed plant cell, ADH-ER-Stx2eB was subcloned in a transformation vector: ADH-ERStx2eB was inserted into pBI121 (Clontech, Palo Alto, CA, USA) using XbaI and SacI, and the resulting product was arranged between a cauliflower mosaic virus 35S RNA promoter (35S pro.) and a nopaline synthase gene transcription terminator (NOS-T), to generate an Stx2eB expression binary vector.
Transient expression assay using lettuce protoplasts. A leaf of potted lettuce (L. sativa L. cv. green wave) (about 1 g) was cut into 0.5-cm square pieces using a surgical knife to generate leaf discs. The leaf discs were immersed in 500 mM mannitol and shaken for 1 h at room temperature. The leaf discs were immersed in 50 ml of a protoplastization enzyme solution (1.0% cellulose RS (Yakult Honsha, Tokyo, Japan), 0.25% macerozyme R-10 (Yakult Honsha, Tokyo, Japan), 400 mM mannitol, 8 mM CaCl 2 , and 5 mM Mes-KOH, pH 5.6), and shaken at room temperature for 2 h. The protoplast suspension was passed through meshes of 100 mm and 40 mm to remove the leaf discs. It was centrifuged at 60 g for 5 min to precipitate the protoplast. The protoplast was resuspended in an aqueous solution containing 167 mM mannitol and 133 mM CaCl 2 and the suspension was centrifuged at 40 g for 5 min. The protoplast was resuspended in an aqueous solution containing 333 mM mannitol and 66.7 mM CaCl 2 and the suspension was centrifuged at 40 g for 5 min. The protoplast was suspended in W5 solution (154 mM NaCl, 125 mM CaCl 2 , 5 mM KCl, 2 mM Mes-KOH, pH 5.6) and the suspension was allowed to stand on ice for 1 h. The protoplast suspension was centrifuged at 40 g for 5 min, and the protoplast was suspended in MaMg solution (400 mM mannitol, 15 mM MgCl 2 , and 4 mM Mes-KOH, pH 5.6) to a protoplast concentration of 2 Â 10 6 cells/ml. The GFP reporter expression vectors and Stx2eB expression vectors (15 mg) prepared as above were separately mixed with 120 ml of a protoplast suspension, and 140 ml of a PEG solution (400 mM mannitol, 100 mM Ca(NO 3 ) 2 , and 40% polyethylene glycol 4000) was added and gently blended, followed by incubation for 7 min. Next, 1 ml of W5 solution was added to the protoplast suspensions over about 20 min. One ml of a solution obtained by mixing 400 mM mannitol with W5 solution at a ratio of 4:1 was added to protoplasts precipitated by centrifugation. LS medium containing 1% sucrose, 400 mM mannitol, and 0.3 mM carbenicillin was added in the amount of 1 ml to the protoplasts precipitated by centrifugation. Culture was performed in the dark at 25
C for 24 h. 18) harboring binary vector ADH-ER-Stx2eB were cultured in YEP liquid medium at 28 C until the O.D. 600 reached 0.1. Cotyledons cut into 0.5-cm square pieces were floated on 12 ml of MS medium containing 1% (w/v) Tween 20 supplemented with 3 ml of Agrobacterium culture and 15 ml of 100 mM acetosyringone, and then incubated for 10 min. Cotyledons were wiped and placed on selection-medium (MS medium containing 0.05 mg/l BA, 0.1 mg/l NAA, 0.5 g/l PVP, 50 mg/l kanamycin, 250 mg/l cefotaxime, and 0.8% w/v agar) and incubated under a 16-h light/8-h dark photoperiod at 25 C. Explants were transferred to new selection-medium every 2 weeks. Regenerated shoots obtained 4 to 8 weeks after infection were transplanted individually onto rooting medium (MS medium containing 0.5 g/l PVP, 50 mg/l kanamycin, 250 mg/l cefotaxime, and 0.8% w/v agar).
Preparation of Nicotiana tabacum transformant. Transformation of BY2 cells was performed as described previously. 19) Western blot analysis. All protoplasts precipitated by centrifugation were mixed with 30 ml of SDS-sample buffer (4% w/v SDS, 20% w/v glycerol, 0.05% w/v bromophenol blue, 300 mM -mercaptoethanol, and 125 mM Tris-HCl, pH 6.8), followed by thermal denaturation at 95 C for 2 min. For analysis of the lettuce plants, leaf cuttings were mixed with SDS-sample buffer at a ratio of 100 ml sample buffer to 100 mg FW of leaf sample, followed by thermal denaturation at 95 C for 15 min. Proteins were separated in a 15% acrylamide gel and blotted on a PVDF membrane (Hybond-P; Amersham, Piscataway, NJ, USA) using an electro-transfer system. Anti-HA antibodies (no. 11 867 423 001, Roche, Mannheim, Germany) were used to detect Stx2eB.
RT-PCR. Total RNA was prepared from protoplasts using the RNeasy Ò Mini Kit (Qiagen, Huntsville, AL, USA). After treatment with DNase, cDNA was synthesized using oligo-dT primers with the Transcriptor Reverse Transcriptase Kit (Roche, Mannheim, Germany). Complementary DNA fragments for Stx2eB (240 bp) were amplified by PCR using primers HA-F and Stx2eB-R. For detection of the lettuce ubiquitin extension protein (UBQ) gene, primers corresponding to regions well conserved among plant UBQ genes were used (UBQ-F: 5 0 -gcagatcttcgtgaaaaccctaacgggga-3 0 , and UBQ-R: 5 0 -gtaaacgtaggtgagtccacacttaccac-3 0 ). DNA fragments amplified by PCR using UBQ primers (448 bp) were cloned into pUC19 and sequenced, and were found to encode UBQ gene fragments.
Quantitative real-time PCR was performed using SYBR Ò Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA). For quantification of Stx2eB mRNA, primers 2eBrealtime-F (5 0 -gatggaatttgcagccattgtt-3 0 ) and 2eBrealtime-R (5 0 -ctgagcctgaactgcaggtattaga-3 0 ) were used. For normalization of the Stx2eB expression level, the mRNA of the lettuce UBQ gene was quantified using primers UBQrealtime-F (5 0 -ccaagccaaagaagatcaagca-3 0 ) and UBQrealtime-R (5 0 -ccctgaatcatcgaccttgtagaa-3 0 ), which were synthesized based on the aforementioned nucleotide sequences.
Results

Functional validation of localization signals in lettuce cells
In plant cells, all previously identified localization signals are encoded in peptide fragments fused to the primary sequence of proteins, and not in other structures such as glycans attached to the protein. Thus, one can control the localization of a target protein by the translational fusion of localization signals. Such signals are analyzed mainly using model plants, including A. thaliana and N. tabacum. First, we determined whether known localization signals would work well in lettuce (L. sativa L. cv. green wave) cells, using GFP as a visible reporter. The signals used in this study were as follows: secretion signal peptide (S.P.) derived from tobacco -D glucan exohydrolase, which works well for the secretion of horseradish peroxidase from tobacco cultured cells; 11) ER retention signal (His-Glu-Asp-Leu); vacuolar sorting determinant (VSD) derived from tobacco chitinase; 17) and chloroplast localization signal (transit peptide, T.P.) derived from lettuce Rbcs. The GFP expression vectors (Fig. 1A) were individually introduced into the protoplasts of lettuce, and green fluorescence was inspected.
In the case of the expression of the cytosolic GFP (Cyt-GFP), fluorescent signals were detected in regions that were identified as cytosol near chloroplasts, and also in the nucleus ( Fig. 2A-C) . A low-molecular-weight protein such as GFP can pass through a nuclear pore even if it has no nuclear transport signal peptide. 20) Subsequently, we examined transport signals in vesicular transport route. When any of apoplast-targeted (Apo-), endoplasmic reticulum-targeted (ER-), or vacuole-targeted (Vac-) GFP gene was expressed, fluorescence was detected in regions that surround the nucleus during the early culture period, 20-26 h posttransfection (Fig. 2D-F) . As time passed (about 40 h), in the case of the Apo-GFP, the fluorescent signals disappeared (conceivably, the protein was secreted outside the cell), while in the case of Vac-GFP, signals were detected in a large vacuole (Fig. 2G-I ). In the case of ER-GFP, fluorescence remained in the ER. In the case of the chloroplast-targeted (Chl-) GFP, green signals were detected in the chloroplasts, which ordinarily emit autogenous red fluorescence (Fig. 2J-L) . These results indicate that localization of a recombinant protein in lettuce cells can be controlled by the addition of signal peptides.
Effects of translational enhancers and localization signals in the production of Stx2eB
We evaluated the effects of translational enhancers and localization signals on the production of Stx2eB. Two translational enhancers, Kozak sequence (GCCACC) 21) and 5 0 -untranslated region (5 0 -UTR) of tobacco (Nicotiana tabacum) alcohol dehydrogenase gene 10) were compared. We constructed modified Stx2eB genes fused with translational enhancer and DNA regions encoding the aforementioned localization signals (Fig. 1B) . Because of the laboriousness of the production of stably transformed lettuce plants and the difficulty of normalizing the level of Stx2eB accumulation per mRNA, we took advantage of a transient expression system to evaluate the constructs. Each construct was introduced into lettuce protoplasts to express Stx2eB transiently, and western blot analysis using anti-HA antibodies was performed (Fig. 3A) .
In the case in which Koz-Cyt-Stx2eB was expressed, the specific signal for Stx2eB was below the detection limit (data not shown). On the other hand, when ADHCyt-Stx2eB was expressed, a very weak but specific signal was detected (Fig. 3A) . When Koz-ER-Stx2eB was expressed, two bands (14 kDa and 8 kDa) were detected. The lower band had a molecular weight that corresponded to that of a mature Stx2eB. The identity of the upper band is not known. The protein accumulation level of ER-targeted Stx2eB was also raised by the use of NtADH 5 0 -UTR. In terms of subcellular localization, sending the protein into the vesicular transport pathway is an effective way to increase the accumulation level of Stx2eB. ADH-ER-Stx2eB attained the highest accumulation level. The Stx2eB mRNA levels analyzed by quantitative real-time PCR were almost the same among constructs, which means that the difference in protein accumulation levels was due mainly to post-transcriptional regulation. From these results, we conclude that the ADH-ER-Stx2eB construct is most suitable for attaining a high level of accumulation of Stx2eB in lettuce cells.
The effectiveness of ER-localization in Stx2eB production was further confirmed using stably transformed tobacco cultured cells (N. tabacum L. cv. BY2). When BY2 cells were transformed using Agrobacterium harboring the ADH-ER-Stx2eB construct, accumulation of Stx2eB was confirmed in almost all the kanamycinresistant clones (Fig. 3B) . Stx2eB, at a molecular weight of about 14 kDa but not at 8 kDa, was detected. On the other hand, no clone accumulating Stx2eB protein was obtained when BY2 cells were transformed by Agrobacterium harboring the ADH-Cyt.-Stx2eB construct (data not shown).
Expression of Stx2eB in stably transformed lettuce plants
Lettuce plants were transformed using Agrobacterium harboring the ADH-ER-Stx2eB construct. Fifteen independent kanamycin-resistant shoots were obtained from 2,315 leaf discs. The presence of the transgene was confirmed in 13 plants (data not shown) using genomic PCR. Expression of the stx2eB gene was confirmed in seven plants by RT-PCR. Among these, two representative clones were further analyzed (Fig. 4A) . Stx2eB protein was detected in a clone (#7) by western blotting using anti-HA antibodies (Fig. 4B) and also using antiStx2e antibodies (data not shown). The size of Stx2eB was 14 kDa, identical to the size of the upper band detected in the transient expression experiment. Stx2eB-producing plants showed no morphological abnormalities, and produced fertile seeds.
Discussion
The ER-type Stx2eB construct was suitable for the expression of Stx2eB in lettuce cells. There are several possible reasons the ER is suitable for the accumulation of Stx2eB. Stx2eB has two Cys residues that are involved in the formation of an intramolecular disulfide bond. 2) In general, the cytosol is a reductive environment, whereas the lumen of the ER is an oxidative environment where disulfide bond formation is accel- erated. In addition, the ER is rich in chaperones, which will help Stx2eB to fold properly. In addition to accelerating synthesis, the ER also protects proteins within its lumen from degradation by cytosolic proteases. Except for the signal sequence peptidase, no protease activity is associated with the ER lumen.
The molecular weight of Stx2eB produced in stably transformed lettuce plants and in BY2 cells was 14 kDa, larger than the predicted molecular weight of mature Stx2eB. One possibility is that the secretion signal peptide is not processed. But this is unlikely, because the Stx2eB (14 kDa) is easily solubilized in a phosphate buffer containing no detergent (data not shown). Uncleaved signal peptide inserted into ER membrane acts as a transmembrane domain and keeps Stx2eB in an insoluble fraction. The other possibility is that some types of post-translational modifications are added to Stx2eB. In a transient assay, a band corresponding to mature Stx2eB (8 kDa) was also detected, possibly because the modification was incomplete. It is unlikely that Stx2eB contains added lipid modifications such as addition of a GPI-anchor, because Stx2eB is easily solubilized in a buffer containing no detergent, as mentioned above. N-glycosylation is also highly unlikely due to the lack of N-glycosylation signal, Asn-XSer/Thr (X can be any amino acid except Pro or Asp residue) 22) in the primary amino acid sequences of Stx2eB. In order for this transgenic lettuce to be used practically, it is important to determine the nature of the modification.
We are currently performing culture tests of transgenic lettuce producing Stx2eB in PF. One of our aims is to identify the environmental conditions under which lettuce accumulates the highest amounts of Stx2eB protein. It is also important to produce a homogenous vaccine product, in other words, to cultivate transgenic lettuce plants uniformly everywhere in the PF. For these purposes, we are seeking the optimal arrangement of equipment, including light sources and air blowers, for the control of local humidity and CO 2 concentration. 
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